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INTRODUCTION 
Texture in sheet metal must be controlled in the rolling process to 
assure the fabrication properties desired in later manufacturing. 
Drawability is one of the required engineering properties in a family of 
applications including beverage cans, propane tanks, and automotive parts. 
The para~eters measured to predict drawability are the average plastic 
strain ratio r in steel and the orientation distribution coefficients (Ws) 
in aluminum. The fundamental measurement of r is by tensile testing of 
coupons taken to 20% elongation. Because of the fact that maximum 
drawability in c~bic metals coincides with a texture which maximizes the 
Young's modulus E in the plane of the sheet which can also be measured on 
tensile coupons, there is a correlation between rand E with vibrating 
coupons. This method and the tensile method are destructive because 
coupons must be cut. In aluminum, the earing on drawn cups is a measure of 
drawabili ty. 
As longitud~nal Lamb wave ultrasonic velocity in a sheet depends on 
Young's modulus E (and on Poisson's ratio), it now is possible to measure 
E ultrasonically and to predict r. The relevant Ws can also be measured 
ultrasonically. Measurements of rby means of ultrasonics have been 
carried out by several laboratories. The method of choice for exciting 
the waves is EMAT technology because it is noncontacting and 
nondestructive. These features raise the possibility of using EMAT 
technology on moving steel sheet such as on rolling lines, continuous 
annealing lines, and blanking lines where rmeasurement could contribute to 
process control and quality assurance. 
EMAT technology for So Lamb waves in steel sheet was chosen for 
building an industrial grade instrument to measure r and the Ws 
automatically. Appropriate signal processing techniques and sensor 
configurations were used in a computer-controlled automatic instrument. 
To date the instrument has been used in a static configuration. 
In this paper, the instrument development and testing will be 
reported. 
Review of ProlJrt!SS in Quantitative Nondestructive Evaluation, Vol. lOB 
Edited by D.O. Thompson and D.E. Chimenti, Plenum Press, New York, 1991 2053 
Figure 1. Tensile coupons and the 
definition of the strains 
for the ratio r. 
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Figure 2. Empirical relation-
ship between T and 
plastic strain E. 
The theoretical and experimental work needed to understand texture, 
drawability, the empirical measures thereof, and the ultrasonic method to 
predict drawability from elastic wave velocities has been performed and 
report~d in the literature. (1-22) For ferrous steel, the average strain 
ratio r is needed. Figure 1 shows the tensile coupons and defines the 
strains for the fundamental mechanical measure of the plastic strain ratio 
r. The r is the spatial average of r and is given by 
r - [r(OO) + 2r( 45°) + r(900)]/4 ( 1 ) 
where 0° is along the rolling direction. The empirical relationship 
between T and the average value of E, denoted E and averaged in the same 
sense as r in Eq. (1), is shown in Fig. 2. The best fit curve through the 
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Figure 3.EMAT configuration with two 
series-connected trans-
mitters and one receiver. 
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Figure 4. Diagram of the 
phase-slope method for 
time delay measurements. 
points in Fig. 2 is used to find r from the values of E obtained from 
ultrasonic velocity measurements. For non-ferrous alloys with cubic 
crystallographic point groups, the orientation distribution coefficients 
W400, W420, and W440 are needed. These are the principal terms in an 
expansion which rep!esents the preferred orientation of the grains in the 
metal. The Ws and r can all be calculated from measurements of ultrasonic 
So Lamb wave velocity in the directions 0°, 45°, and 90° with respect to 
the rolling direction of the sheet metal. The research is at a stage 
requisite for building a commercial industrial instrument to measure 
velocities and calculate outputs automatically. 
INDUSTRIAL INSTRUMENT 
The Pro~ram 
A four-phase program was carried out to build the first model of a 
manufacturable commercial instrument to measure texture automatically. 
The phases were an initial market study, a design phase, a building phase 
incorporating the programming of the instrument's internal computers and 
the laboratory and environmental testing of the instrument, and a market 
evaluation phase in which the instrument was shipped to the facilities of 
potential customers and demonstrated there. The development effort was 
funded by the Center for Advanced Technology Development at ISU, an 
experiment itself in funding technology transfer from laboratory to 
commercialization. 
Fundamentals 
To generate and receive the ultrasonic waves, EMAT technology was 
chosen. The advantages are non-contact operation without couplants so 
that measurements on moving material should be possible (although beyond 
the scope of this Erogram). So Lamb waves were chosen because of previous 
correlations with r and because of the capability of the So mode to measure 
three Ws. The EMAT configuration with series-connected transmitters and 
one receiver are shown in Fig. 3. A Fourier analysis phase slope method 
was chosen to use to measure travel time. Schematically, the phase slope 
method is shown in Fig. 4. The time measured is the difference in arrival 
times at the receiver of the two simultaneously transmitted signals, and 
represents the velocity in the material between the transmitters. 
The Instrument 
Configuration. The configuration of the instrument was planned to 
permit either static or dynamic measurements providing the sensors could 
be positioned correctly. Dynamic on-line sensors were considered to be 
beyond the scope of the project, so a system for off-line quality 
assurance and incoming inspection was decided upon. It was decided to 
make the system automatic such that an entire measurement, computation, 
and output sequence would be initiated by a single "Start" command. For 
ease of set-up and clarity of output display, a touch-screen video panel 
was incorporated for input/output. The capability of hard-copy output and 
data transfer to a Mainframe was also decided upon. Other features such 
as caster mounting, EMI immunity, and transcontinental transportability 
were incorporated. Specific requirements on the probe to be an integral 
unit of nine (9) EMATs with two series-connected transmitters plus one 
receiver in each of three directions (0°,45°, and 90°) with respect to the 
rolling direction) were stated. A pulsed electromagnetic system was 
specified for ferrous materials to eliminate magnetic clamping and the 
pick-up of chips in a factory. Non-ferrous materials are interrogated by 
EMATs with permanent magnets. The instrument senses the probe type and 
makes the correct internal connections for steel versus aluminum, for 
instance. 
Design. With the configuration of the instrument specified, circuit 
and mechanical design was initiated. The Ames Laboratory electronic 
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Figure 5. Block diagram of the 
instrument. 
Figure 6. A populated multi-
layer circuit board 
fabricated for the 
control and compu-
tation section. 
computer aided design system for circuit boards ECAD was employed. 
Specifications for the analog portion to drive and receive from the probes 
and specifications for the probes as a compatible set were drawn up. The 
resulting block diagram is shown in Fig. 5. 
Resulting Hardware. The control section as designed was built up 
using multi-layered circuit board technology with on-board computer chips 
for CPUs and memory. One such board is shown in Fig. 6. The analog 
section was supplied OEM by one author (G. A. Alers). After fabrication, 
the internal computers were programmed to perform the control functions 
and computational algorithms. The final instrument obtains r in steel in 8 
seconds and the Ws for aluminum in 5 seconds. Accuracy in the delay time 
measurements is better than: 1 ns. Corrections are made for dispersion 
(wavelength/thickness not » 1) and for coatings on the sheets. The 
complete instrument with one probe is shown in Fig. 7. Measurements made 
with it agree with laboratory measurements to within the 1 ns limits of 
accuracy. 
Durability. A temperature and vibration test paterned after the AT&T 
test for central office equipment was applied to the instrument with a 
structural fatigue cycling system in the civil engineering laboratory. 
This system applied 1 g of acceleration at frequencies up to 100 HZ to the 
755 Ib instrument (gross shipping weight). 
Many design flaws from suppliers and one of our own were detected; 
most of these had the characteristic of being heavy components not 
adequately restrained for cantilever flexure under g-loading. Had these 
inadequacies not been detected and rectified, the field trial (next 
paragraph) which involved transportation hazards would have been a 
failure. 
Field Trial. The field trial was arranged by the Iowa Small Business 
Development Center ISUbranch as a dynamic marketing exercise. A 
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Table 1. Results of Ford Demonstration 
TEST RESULTS 
Tensile Test Instrument 
Base Coating _r_ 
Steel ThiQkn~lili 
~ 
UB FNDR E7UB 160 15 RU 0.0314" None TBD 
Lot 0886 VD-HD GAL 0.030" 0.00075" 1.89 
Sumitomo MS 8056 coating 0.030" 0.0010" 1.91 
Nippon BH Excellite 0.030" 0.0010" 1.17 
coating 
CoIled Rolled AKDQ 0.029" None 1.77 
VEN 023 ETTB GAL 0.039" 0.0010" TBD 
WSSI. _ WSS2 GAL 0.036" 0.0010" TBD 
E7UB VEN 001 0.037" 0.0010" TBD 
Conditions: 
VD-HD = Vacuum Degassed - Hot Dipped 40g/40g both sides 
GAL = Galvanized 
_r_ 
1. 54 
1. 84 
1. 91 
1. 37 
1. 68 
1.15 
1. 66 
1. 67 
TBD = "To be determined" by Ford Motor Company (promised) 
Table 2. Results of Wheeling-Pittsburgh Demonstration 
TEST RESULTS 
Tensile Test Instrument 
Base Condition* Coating 
Steel ThiQknelili 
~ 
0.1147" HR 
0.1180" HR 
0.1184" HR 
0.0480" CR 
0.0862" CR 
0.0412" CR 
0.0725" CR 
0.0296" CR. GAL 0.0015" 
0.0598" CR. GAL 0.0015" 
0.0624" CR. GAL 0.0015" 
0.0148" FH. GAL 0.0010" 
0.0110" FH 
0.0236" CR 
0.0185" CR 
0.0104" E.Sn 0.000012" 
0.0085" E.Sn 0.000015" 
0.0064" E.Sn 0.000012" 
*Conditions: 
CR = Cold rolled and annealed 
HR = Hot rolled 
~ 
.91 
.91 
.91 
1. 81 
1.49 
1.65 
1.55 
1. 50 
1.17 
1. 53 
** 
** 
1.62 
1.11 
1.59 
** 
** 
FH = Cold rolled. not annealed. full hard 
GAL = Galvanized 
E.Sn = Electroplated Tin 
**Inadequate elongation for tensile r determination 
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Figure 7. Complete instrument 
and 3-direction probe 
in use. 
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Figure 8. Comparison between 
ultrasonic and ten-
sile values of r 
prerequisite was an agreement with each host corporation to share data . 
ISU would measure r on any specimen of steel or the Ws on any specimen of 
alumin~ £roviding th~ host company determined tensile r (and if possible 
Modul -r values of r) on the steel or earing percentages on the aluminum. 
The ISU measurement set was to be performed with the instrument at the 
metal manufacturer's or user's facility with an audience of his choosing. 
This trial tour was planned for three users and three manufacturers of 
each aluminum and steel sheet, but was pared back to four locations. One 
was an aluminum manufacturer which was also a large-scale user of material 
for deep drawing, one was a steel user (an automobile company) which 
invited a competitor and several suppliers, and two were steel companies . 
One of the latter invited a third steel company to participate. The 
instrument was shipped around the country by moving van (experienced in 
electronics moving) in a specially-built padded shipping case. The 
results of the tests at the automobile company and at one steel company 
are given in Tables I and 2. Excellent agreement is seen between the 
values of r from tensile tests and from the texture instrument. The 
comparison between r measured by ultrasonic velocity and by tensile strain 
is shown in Fig. 8. The slope of 1.0 and the spread of 0.05 denotes 
excellent agreement. 
As a result of the field trial, a commercial concern is negotiating 
for rights to market the instrument. 
CONCLUSIONS 
A manufacturable industrial quality instrument has been built to 
measure drawability of sheet metal. Funding for the development was 
itself part of an experiment in technology transfer. The instrument 
incorporates EMAT and computer technology to make measurements and compute 
results automatically. Accuracy of the time delay measurements (which are 
the basis of computing the drawability) is better than ±l ns. The 
resulting predictions of r agree with tensile results to ± 0.05 in most 
cases. It is probable that the tensile results contain the larger errors . 
For "earing" predictions, the instrument also measures W400, W420, and 
W440· 
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The present static quality assurance model has the potential for being 
extended to dynamic measurements on moving material. The principal 
outstanding question is the development of an acceptable method to keep 
the probe and the moving sheet in close proximity. 
The development effort required the matrix-managed interdisciplinary 
team which was composed of expertise available from the Ames Laboratory, 
the Center for NDE, and from Iowa State University. The funding from the 
Center for Advanced Technology Development was the catalyst and stimulant 
necessary(23,24) to accomplish this technology transfer. 
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